The amygdala is an important structure contributing to socio-emotional behavior. However, the role of the amygdala in autism remains inconclusive. In this study, we used the 28-35 days valproate (VPA)-induced rat model of autism to observe the autistic phenotypes and evaluate their synaptic characteristics in the lateral nucleus (LA) of the amygdala. The VPAtreated offspring demonstrated less social interaction, increased anxiety, enhanced fear learning and impaired fear memory extinction. Slice preparation and electrophysiological recordings of the amygdala showed significantly enhanced long-term potentiation (LTP) while stimulating the thalamic-amygdala pathway of the LA. In addition, the pair pulse facilitation (PPF) at 30-and 60-ms intervals decreased significantly. Whole-cell recordings of the LA pyramidal neurons showed an increased miniature excitatory postsynaptic current (EPSC) frequency and amplitude. The relative contributions of the AMPA receptor and NMDA receptor to the EPSCs did not differ significantly between groups. These results suggested that the enhancement of the presynaptic efficiency of excitatory synaptic transmission might be associated with hyperexcitibility and enhanced LTP in LA pyramidal neurons. Disruption of the synaptic excitatory/inhibitory (E/I) balance in the LA of VPAtreated rats might play certain roles in the development of behaviors in the rat that may be relevant to autism. Further experiments to demonstrate the direct link are warranted.
Introduction
In humans, the amygdala is sensitive to environmental signs of emotional and social significance [1] [2] . It could modulate emotional memory storage and drive autonomic response [3] . Emotional learning of social conventions through the amygdala may therefore contribute to socio-emotional regulation [4] [5] [6] [7] . Moreover, social status has been found to be linked to the degree of amygdala activation [8] . A neuroimaging study found that the volume of the amygdala and cortical areas with amygdala connectivity correlates with the size and complexity of social networks in adult humans [9] . Researchers have shown that the amygdala responds preferentially to different social stimuli [10] [11] . Within the amygdala, the laterally-situated nuclei (the lateral, lateral basal, mesial basal, and accessory basal nuclei) appear to contain neurons responsive to sensory social cues [1] [2] [12] [13] . However, most functional imaging studies reveal the amygdala function as a whole but do not distinguish the separate roles of specific nuclei in humans [14] .
Fear and social signal processing could be impaired in the absence of a functional amygdala [15] . Dysfunction of the amygdala has been found to be related to disorders of fear processing, anxiety, and even social behaviors [16] [17] [18] . In recent years, there has been particular interest in the role of the amygdala in the development of autism spectrum disorder (ASD), a neurodevelopmental disorder with social deficit [19] [20] [21] [22] . An amygdala theory of autism has been proposed after gaining an understanding of the neural basis of social intelligence [4, 23] . Previously, a role of the amygdala in determining the core social characteristics in ASD has been demonstrated on the basis of functional MR imaging [12, 24] . Altered amygdala activation in response to facial and emotion processing has also been noted in individuals with ASD [25] [26] [27] . In addition, postmortem studies of individuals with autism have shown cytoarchitectural and neuronal organization changes within the amygdala [28] [29] . Structural MR imaging studies have also demonstrated abnormal amygdala volumes across multiple adolescents and adults with ASD [30] [31] [32] . Taken together, these results indicate that amygdala dysfunction may contribute to core social impairment in autism spectrum disorders [33] .
Although human studies have suggested a role of the amygdala in the development of ASD, however, the role of amygdala in rodent models of autism has been less studied [34] . Among the rodent models, induction by exposure to the epigenectic modulator valproate (VPA) during the sensitive embryonic develop-mental stages has been established to mimic the gene-environment interacting property of autism [35] [36] . The model is also of clinical significance because exposure to VPA during embryogenesis could cause developmental delays and ASD in humans if exposure occurs during the third week of gestation [36] [37] [38] [39] [40] . In the rodent model, a single prenatal injection of VPA on embryonic on day 11.5 disturbs enkephalinergic system functioning, the basal hedonic tone, and emotional responses [41] .
Importantly, mature rats (3 months) in this model showed abnormal fear conditioning and processing in the lateral nucleus (LA) of the amygdala [42] . However, the acute amygdala slices used for in vitro electrophysiology in the previous study were prepared from rats at the early developmental stage (P12-P16). From that result, gaining an understanding of the possible links between the alteration of amygdala-associated behaviors and electrophysiological characteristics could be difficult, because the amygdala responses are tuned through the socialization process during development [10, 43] . In addition, the link between the amygdala and other brain regions changes with age [44] , and agerelated differences in the amygdala response to emotional cues have also been reported [45] . To further validate the role of the amygdala in the VPA-induced model at an early developmental age, in the current study, we used male 28-35 days VPA-induced model rats to observe both the amygdala-associated autistic phenotypes and the synaptic characteristics of the lateral nucleus (LA) of the amygdala by whole-cell patch clamp recording.
Materials and Methods

Valproate-induced model of autism
All procedures were approved by the Institutional Animal Care and Use Committee of the College of Medicine, National ChengKung University (Tainan, Taiwan). Sprague Dawley rats were housed four to a cage in a temperature-controlled (24uC) animal colony under a 12:12-h light/dark cycle, with lights on at 7:00 AM. All behavioral procedures took place during the light cycle. Rats were mated, with pregnancy determined by the presence of a vaginal plug on embryonic day 1 (E1). The sodium salt of valproic acid (NaVPA, Sigma-Aldrich) was dissolved in 0.9% saline to obtain a concentration of 150 mg/mL, pH 7.3. The dosing volume was 3.3 mL/kg, with the dosage adjusted according to the body weight of the dam on the day of injection. Treated rats received a single intraperitonal injection of 500 mg/kg NaVPA and control dams a single injection of saline on E12.5 [42] . Rats were housed individually and were allowed to raise their own litters until weaning. The offspring were then separated and housed in cages of 3-4 rats until the behavioral experiments. Both behavioral and electrophysiological experiments were conducted on P28-35.
Behavioral testing
Behavioral experiments of fear conditioning and extinction were performed in an operant chamber (Med Associates, St Albons, VT). The behavioral experiment examining social interaction and the open field test were performed in a white plastic box. The behavioral experiment of the elevated plus maze was performed using a platform in the shape of a cross. Video tracking software (Ethovision, Noldus, The Netherlands) was used for automatic recording and analysis. A total of 28 saline-treated and 37 VPAtreated rats from 20 litters were sacrificed for behavioral tests. The open field (28 saline-treated, 37 VPA-treated), elevated plus maze (27 saline-treated, 34 VPA-treated) and social interaction (26 saline-treated, 36 VPA-treated) tests were performed continuously. All rats were weight-matched and aged-matched. The rats that did not move for over 10 minutes in the open field were excluded in the open field or social interaction tests. For the first 11 salinetreated and 10 VPA-treated rats, the fear conditioning and extinction tests were performed after the social interaction tests.
Social interaction
Rats were separated and housed individually the night before the experiment. The apparatus was a white plastic box (50640640 cm). Rats were matched in terms of gender and weight. After a 60-min habituation period in the room, one VPAtreated and one control rat were placed into the apparatus over a period of 20 minutes. The percentage of time spent following, mounting, grooming each other, and sniffing of any body part were taken as indicators of social engagement [46] .
Open field test
The rats were inserted for 15 minutes in a white plastic box (50640640 cm). The percentage of time spent in the central zone (25% of the surface area) and the total distance (cm) moved were measured.
Elevated plus-maze
The rats were inserted for 5 minutes in a standard elevated plusmaze, which consisted of two opposite open arms and two opposite closed arms (5065640 cm) arranged at right angles. The percentage of time spent in each arm, the total distance (cm) moved and the velocity (cm/s) were measured.
Fear conditioning
Fear conditioning occurred in a 32626626 cm operant chamber (Med Associates, St Albons, VT) which controlled by FreezeScan software (Clever Systems, Reston, VA). The shock floor consisting of stainless-steel rods was wired to a shock generator for foot shock delivery. The house light provided illumination during all sessions. The chamber was cleaned with 75% ethanol before each rat was trained or tested for contextual fear conditioning. On the first day of training, the rats were transported in their home cage to a behavioral room. After a 60-min habituation period in the room, the rats were placed in the training chamber for 180 s. After the acclimation period, the rats were presented with a pure tone (15 s, 1 kHz, 80 dB) that coterminated with a foot shock (1 s, 0.8 mA). This tone-foot shock pairing procedure was repeated three times with an inter-trial interval of 60 s. After the last tone paired with shock delivery, the rats were allowed to explore the context for 2 min before removal from the chamber. At 24 h after training, the rats were returned to the training chamber for 5 min without exposure to the tone or the foot shock as a contextual fear test. At the end of the contextual test, the rats were returned to their home cage. Approximately 1 h later, the rats were placed in a novel context (an opaque Plexiglas box) for a 180 s baseline period followed by a pure tone (15 s, 1 kHz, 80 dB) repeated ten times with an inter-trial interval of 30 s to assess the extinction of fear conditioning. The grid floor was replaced with a smooth Plexiglas floor and the chamber was cleaned with 1% acetic acid before each rat was tested. Freezing was defined as the absence of any movement except respiration and was measured automatically using FreezeScan software.
Brain slice preparation and electrophysiological recordings of the amygdala
After demonstrating the enhanced acquisition and impaired extinction of fear memory in VPA-treated rats, we evaluated the synapse characteristics of the amygdala on the electrophysiological level to check for possible alterations. Slice preparation and electrophysiological recordings of the amygdala were performed for the male 28-35 days VPA-induced model rats. Brain slices were prepared as described previously [47] . Evoked EPSCs were created by electrical stimulation of the external capsule (EC), which contained fibers from the auditory cortex to the LA, with a concentric bipolar stimulating electrode. Electrical stimuli (150 ms in duration) were delivered at a frequency of .05 Hz. Baseline field potentials were adjusted to 30-40% of the maximal responses. Long term potentiation (LTP) was elicited by pairing pre-synaptic stimulation (2 Hz, 200 pulses) with post-synaptic depolarization to 25 mV as described previously [48] . Bicuculline (2 mM) was present in the perfusion solution. To survey the attribution of enhanced synapse strength, whole-cell recordings were made from the soma of visually-identified pyramidal-like neurons located in the LA. Neurons were identified as projection neurons based on their morphology in cesium methanesulfonate-containing electrodes. In potassium gluconate-containing electrodes, these neurons were also identified by their intrinsic electrophysiological properties [49] .
To avoid the possible confounding effect of behavioral tests, an additional 15 saline-treated and 26 VPA-treated rats from 12 litters were sacrificed for electrophysiological recordings. Among them, 6 saline-treated and 6 VPA-treated rats were sacrificed for the long term potentiation (LTP) protocol. The remaining 9 salinetreated and 20 VPA-treated rats were sacrificed for AMPA/ NMDA ratio (9 neurons from 9 saline-treated rats, 12 neurons from 12 VPA-treated rats), PPF ratio (10 neurons from 9 salinetreated rats, 15 neurons from 15 VPA-treated rats) and mEPSCs evaluation (13 neurons from 9 saline-treated rats, 9 neurons from 9 VPA-treated rats).
Statistical analysis
We analyzed the data using the statistical package for social sciences (SPSS 12). Categorical variables were expressed in numbers and percentages, and continuous variables as the mean6SD unless otherwise specified. The variables were assessed using the chi-square test, Student's t-test, and one-way ANOVA. If the sample size was less than 25, we used the Wilcoxon Rank Sum test or the Mann-Whitney U test for continuous variables. The difference between groups was considered significant if the p value,0.05.
Results
According to the design of the experimental regimen, the pregnant female rats had received saline or VPA on E12.5. On postnatal day 28-35 d, their male offspring were tested using serial behavioral tasks, including the social interaction (SI), open field (OF) and elevated plus (EPM) maze tasks, in one day. The day after, the same offspring either underwent the fear condition test or were sacrificed for electrophysiological recordings.
Decreased social interaction and enhanced anxiety behavior at the early developmental stage Herein, we measured the social behavior characteristics of the 28-35-day-old male VPA-treated rats and also evaluated behaviors that likely involve amygdala processing. Figure 1A shows that the duration of social interaction was 64.89645.22 (n = 36) and 156.0688.84 (n = 26) in the VPA-treated and control rats, respectively. The frequency of social interaction was 22.44614.54 (n = 36) and 40.62617.67 (n = 26) in the VPAtreated and control rats, respectively. The results of the social interaction test showed that the male VPA-treated rats exhibited a significantly lower social interaction duration and frequency than the male saline-treated rats (duration: t (60) = 5.29, p,0.001; frequency: t (60) = 4.44, p,0.001) ( Figure 1A) . The results indicated that the VPA-treated rat model presented social, anxiety and fear behaviors that may be relevant to some of the behavioral symptoms exhibited in individuals with ASD. Because the core symptoms of autism are frequently accompanied by aberrant anxiety behavior, we then examined whether the male VPAtreated rats also presented increased amygdala-associated anxiety behavior at this developmental stage. In the open field test, we found that the male VPA-treated rats spent significantly less time in the center percentage (saline-treated group: 2.0561.74 (n = 28); VPA-treated group: 1.2561.06 (n = 37); t (63) Abnormal fear conditioning and enhanced LTP at the amygdala synapse
The above results were in accordance with the behavioral symptoms exhibited in individuals with ASD, who present a high anxious reaction [50] . The over-anxious response could be caused by alteration in amygdala activity. Therefore, we used the fearconditioning paradigms to further assess the amygdala-associated fear memory and emotional response of the saline-treated group (n = 11) and VPA-induced model (n = 10) at this age [42, 51] . We first determined whether VPA-treated rats presented changes in fear memory formation using cued and contextual fear-conditioning paradigms. On the conditioning day, two-way ANOVA revealed a significant interaction between groups [F(3, 57) = 5.85, p = 0.001] (Figure 2) . Retention of memory was tested 24 h after training. Rats were tested in terms of their fear to the cue by assessing the freezing behavior on two successive days. For the extinction session, rats were placed in a novel context and presented with ten auditory cues. As shown in Figure 2 , the cueinduced freezing was comparable between groups. During the extinction session, group interaction emerged on day 1 [F(4, 76) = 3.55, p = 0.01] and group interaction emerged in day 2 [F(4, 76) = 0.25, p = 0.91] in day 2. After that, the rats were returned to the training chamber for 5 min without exposure to the tone or foot shock for a context fear test. The contextual freezing responses of the VPA-treated rats were more obvious than those of the controls, whereas no difference in freezing was found between groups (saline-treated group: 36.96621.22 (n = 11); VPAtreated group: 59.52630.08 (n = 10); Mann-Whitney U test, p = 0.07) ( Figure 2C ).
The synaptic characteristics of the pyramidal neurons in the amygdala
LTP while stimulating the thalamic-amygdala pathway in LA neurons was induced by pairing pre-synaptic stimulation (2 Hz, 200 pulses) with post-synaptic depolarization to 25 mV as described previously (Yu et al., 2008) . The amplitude of the individual excitatory postsynaptic current (EPSC) was normalized to the averaged amplitude of the EPSCs during the 5 min baseline recordings just before LTP. Two-way ANOVA revealed a significant interaction between groups [F(39, 390) = 2.43, p = 0.0001] We also observed that the LTP was significantly enhanced in the VPA-treated rats at the thalamic-amygdala synapses (p,0.5) (Figure 3) .
To determine whether the increased synaptic strength recorded in the VPA-treated rats involved a presynaptic mechanism, we analyzed the pair pulse facilitation (PPF) in slices from the VPAtreated and control rats [52] [53] . The ratio of the amplitude of the second EPSC to the amplitude of the first EPSC was examined at different interpulse intervals. In the thalamic-amygdala pathway, the PPF at 30-and 60-ms intervals in the VPA-treated rats (n = 15) was significantly lower than that of the controls (n = 10) (30 ms: 0.8660.30 in VPA-treated rats, 1.2160.28 in controls, MannWhitney U test, p = 0.003; 60 ms: 0.9060.27 in VPA-treated rats, 1.2160.19 in controls, Mann-Whitney U test, p = 0.002) (Figure 4 ). This result suggested that enhanced synaptic efficacy after fear conditioning is mediated at least in part by an increase in the presynaptic release probability.
We then examined whether excitatory synaptic transmission was altered in the VPA-treated rats by recording the miniature excitatory post-synaptic current (mEPSCs). The recorded mEPSCs in the presence of bicuculline (10 mM) and TTX (0.5 mM) revealed a significantly higher frequency (4.7761.85 Hz, n = 9 in the VPA-treated group; 2.6761.63 Hz, n = 13 in the saline-treated group) and amplitude (21.5962.09 pA, n = 9 in the VPA-treated group; 18.2563.19 pA, n = 13 in the saline-treated group) in slices from the male VPA-treated rats (frequency: Mann-Whitney U test, p = 0.04); amplitude: MannWhitney U test, p = 0.01) ( Figure 5 ). Furthermore, we measured the relative contributions of the AMPA receptor and NMDA receptor to the EPSCs [54] [55] . The AMPA EPSC was evoked when the neurons were voltage-clamped at 270 mV, whereas the NMDA EPSC was determined as the current amplitude at 50 ms after the peak EPSC amplitude at a holding potential of +40 mV [56] . In the thalamic-amygdala pathway, the AMPA/NMDA ratios were 1.0260.46 (n = 12) and 0.9560.37 (n = 9) in the VPAtreated and control rats, respectively. The ratio was not significantly different between groups (Mann-Whitney U test, p = 0.69, Figure 6A ). We also determined the AMPA-mediated I- 
Discussion
Validation of the VPA-induced model at an early developmental age
Previous studies have demonstrated that mature adult offspring of VPA-treated rats show less social interaction [40] . Moreover, this model shows sexual dimorphism characteristics for the measured behavior [57] . However, the behavioral pattern at an early age has not yet been investigated. In this study, our behavioral experiment results first showed the behavior characteristics of the VPA model rats at an early developmental age. Although a previous study demonstrated that mature VPA model rats showed similar behavior [42] , however, it is of importance to further identify the developmental and gender effects while measuring behavior patterns. Particularly, certain behavioral changes of the offspring of the VPA-treated rats are likely related to amygdala function, and the amygdala responses could be tuned through the social stress process during development [10, 43] . In addition, the gender effect might also play an important role in the behavioral changes related to the amygdala function [58] [59] . It is necessary to test the female VPA-induced model rats at various development stages to observe the amygdala-associated autistic phenotypes and evaluate their synaptic characteristics in further studies.
The roles of amygdala-associated behaviors in the VPAinduced model
The alteration of amygdala-associated behaviors observed herein provided further evidence that dysfunction of the amygdala could be related to the core symptoms presented in autism at an early developmental age [19] [20] [21] [22] . As we were particularly interested in the role of the amygdala in autism, we further measured the electrophysiological features of the LA in the VPAtreated rats. Because plasticity in the LA is known to be associated with the learning and extinction of fear memory, we therefore first tested whether the LTP had changed in the LA of the VPA-treated rats. The results indicated that the LTP in the LA was significantly enhanced in the VPA-treated rats at the thalamic-amygdala synapses. Whether the electrophysiological activity correlates with the enhanced amygdala activity revealed in autistic subjects merits further investigation [60] [61] .
The amygdala E/I balance and autistic phenotypes Interestingly, enhanced plasticity has also been noted in other brain areas of VPA-treated rats [35, 42, 62] . Moreover, the VPA model rats showed a significant enhancement of the local recurrent connectivity formed by neocortical pyramidal neurons in the cortex [35] , and the excitatory connections were noted to be more plastic, displaying enhanced long-term potentiation of the strength of the synapses [35] . Various rodent models of autism have revealed that the increased ratio of synaptic excitation/ inhibition (E/I) in key neural circuits might play certain roles in the pathophysiology of autism spectrum disorders [63] [64] [65] . Furthermore, both genetic and non-genetic factors cause the imbalanced E/I balance [63] . Previously, the VPA-induced model revealed impairment in the neocortical pyramidal neuronal intrinsic excitability and an increase in the NMDA synaptic currents [35] . Importantly, both electrophysiological abnormalities were developmental stage-dependent [66] . In the amygdala, the pyramidal neurons of the model rats showed a deficit in inhibition [42] , and disruption of the inhibitory circuits has been considered as one cause of certain autistic phenotypes in the model [67] . In the current study, we demonstrated that the presynaptic efficiency of excitatory synaptic transmission might be associated with hyperexcitibility and enhanced LTP in LA pyramidal neurons. Whether or not disruption of the synaptic E/I balance in the LA of VPA-treated rats causes autistic phenotypes merits further investigation.
The molecular mechanism
How prenatal VPA treatment alters the presynaptic efficiency of excitatory synaptic transmission in the amygdala remains unclear. A study showed the selective impact of histone deacetylases on the dynamics of evoked excitatory neurotransmission in a model of Rett's Disorder, a pervasive developmental disorder with some features that are clinically similar to those seen in ASD [68] . Prenatal VPA exposure in the current model could cause a transient increase in acetylated histone levels in the embryonic brain [59] . These findings together suggested that VPA-induced histone hyperacetylation may play a key role in evoking excitatory neurotransmission. Our previous in vitro study demonstrated that VPA treatment could regulate the gene levels of two post-synaptic cell adhesion molecules (CAM) (neuroligin-1 and neuregulin-1) and two extracellular matrix (ECM) proteins (neuronal pentraxin-1 and thrombospondin-3) in a primary astrocyte culture in a timeand concentration-dependent manner. Moreover, sodium buty- rate, another histone deacetylase inhibitor, but not glycogen synthase kinase-3 beta inhibitors, could mimic these effects. The constitutions of CAM and ECM play important roles in the synaptic E/I balance and developmental brain disorders. For example, the pair neuroligins (NL) and beta-neurexin are emerging as central organizing molecules for excitatory glutamatergic and inhibitory GABAergic synapses in the mammalian brain [69] [70] [71] , and NL-1 has been noted to regulate synaptic plasticity in the amygdala [72] . In humans, alterations in genes encoding CAMs and ECMs have recently been implicated in autism and developmental brain disorders [73] [74] [75] . As the next step in our research, we would like to test the possible associations in this model in vivo.
Conclusions
The amygdala has been implicated as a key component of the social cognitive circuitry. In the VPA-induced autism model, our results further indicated that the enhancement of presynaptic efficiency of excitatory synaptic transmission might be associated with hyperexcitibility and enhanced LTP in LA pyramidal neurons at an early developmental age, and the increased ratio of synaptic excitation/inhibition (E/I) in the amygdala might be associated with the characteristic behavior in this model. Identifying factors affecting the E/I balance in the amygdala could give us the opportunity to prevent and treat related neurodevelopment disorders. However, interpretation is limited without further direct evidence. Further experiments including direct recordings from amygdala neurons during the behavioral experiment and observing the behavioral consequences after modulating the amygdala E/I balance could give us the opportunity to demonstrate the link between the two. 
